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Abstract 

Different  types  of  hybrid  and  gel  polymer  electrolytes  (HPEs  and  GPEs)  based  on  polymers  and  organic  solvents  combined  with  organic  or 
inorganic  gelation  agents  for  Li/pyrite  battery  were  studied.  Ionic  conductivity  of  0. 1-2.5  mS/cm  at  room  temperature  (RT)  was  achieved  for 
HPE  and  5  mS/cm  for  GPE.  At  70  °C  tetraglyme  (TG)-based  HPE  had  conductivities  of  1-4  mS/cm,  almost  one  order  of  magnitude  higher 
than  that  of  “dry”  solid  polymer  electrolytes.  An  interfacial  lithium/HPE  resistance  (RSEI)  of  6-10  Q  cm2  was  stable  for  about  3000  h.  The 
specific  capacity  of  the  first  discharge  Li/pyrite  cells  with  both  HPEs  and  GPEs  varied  from  650  to  1000  mAh/g.  The  reversible  specific 
capacity  at  70  °C  ranged  from  250  to  600  mAh/g;  the  maximal  capacity  is  similar  to  that  of  solid-electrolyte  Li/FeS2  batteries  at  135  °C.  After 
the  initial  capacity  loss,  stable  cycling  behavior  with  0.1%  per  cycle  degradation  rate  was  observed.  ©  2002  Elsevier  Science  B.V.  All  rights 
reserved. 
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1.  Introduction 

With  the  rapid  advances  in  mobile  equipment  and  the 
growing  interest  in  the  development  of  electric  and  hybrid 
vehicles,  new  functions  are  being  demanded  for  high 
energy-density  rechargeable  batteries.  Systems  with  high 
energy-density  on  both  a  weight  and  a  volume  basis  and 
high  rate,  attract  considerable  attention  both  of  research  and 
industry  [1-3].  The  balance  between  ecological  and  eco¬ 
nomical  objectives  is  another  but  no  less  important  factor. 
The  abundance,  low  cost  and  high  theoretical  specific  energy 
of  the  Li/FeS2  couple  (1273  Wh/kg  based  on  4e/FeS2)  make 
the  natural  mineral,  pyrite,  a  promising  cathode  material  for 
lithium  batteries.  The  Li/composite  polymer  electrolyte 
(CPE)/pyrite  battery  with  a  10  pm-thick  cathode  has  a 
reversible  capacity  of  625  mAh/g  (2.8e/FeS2),  which  is 
about  five  times  that  of  the  Li/LiACo02  battery.  Over  500, 
100%  DOD  cycles  with  a  capacity  fading  rate  of  less  than 
0.1%  per  cycle  have  been  demonstrated  in  a  small  laboratory 
prototype  Li/CPE/FeS2  cell  [4,5]. 

However,  since  solid  polymer  electrolytes  have  low  ionic 
conductivity  at  ambient  temperature,  their  application  in 
lithium  batteries  is  limited  to  elevated  temperatures.  In 
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recent  times,  the  need  for  polymer  electrolyte  batteries 
operating  at  near-ambient  temperatures,  has  resulted  in  the 
development  of  gel  (GPEs)  and  hybrid  polymer  electrolytes 
(HPEs),  where  macromolecular  matrices,  such  as  polyacry¬ 
lonitrile)  (PAN),  poly(vinyl  chloride)  (PVC)  and  poly(vinyl 
difluoride)  (PVDF)  immobilize  common  liquid  electrolytes 
[6-14].  The  range  of  GPE  systems  that  have  been  character¬ 
ized  and  developed  for  practical  cells  is  extensive. 

In  the  present  work,  we  have  directed  our  attention  to  the 
investigation  of  GPEs  and  HPEs  for  a  “green”  and  cheap  Li/ 
pyrite  battery. 

2.  Experimental 

All  materials  were  processed  and  cells  were  built  inside 
argon  filled  VAC  glove  boxes.  High  purity,  vacuum-dried 
components  were  used  for  polymer-film  preparation.  Sol¬ 
vents  and  plasticizers  were  dried  for  at  least  48  h  with 
molecular  sieves.  The  procedure  for  the  preparation  of  GPEs 
involved  a  sequence  of  several  steps  [15]:  dissolution  of  a  Li 
salt  in  the  EC/DMC  mixture;  addition  of  PAN  polymer 
component  and  its  dispersion  in  the  solution  by  stirring 
for  several  hours  at  room  temperature  (RT);  transfer  of  the 
slurry  to  the  preheated  to  90  °C  aluminum  plate  to  promote 
fast  PAN  gelification  and  cooling  of  the  gel  to  RT. 
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The  chosen  polymer  for  HPE  is  commercially  available 
PVDF-2801  copolymer  (Kynar).  The  PVDF  powder  was 
dissolved  in  high-purity  cyclopentanone  (Aldrich);  fumed 
silica  130  (Degussa)  or  15  nm-size  alumina  (Buehler)  and 
propylene  carbonate  (PC,  Merck),  similar  to  the  Bellcore 
process,  were  added  and  the  mixture  was  stirred  at  room 
temperature  for  about  24  hours  to  get  a  homogeneous  slurry. 
After  complete  dissolution,  the  slurry  was  cast  on  the  Teflon 
support  and  spread  with  the  use  of  the  doctor-blade  techni¬ 
que.  To  prevent  surface  irregularities,  the  film  was  then 
covered  with  a  box  pierced  with  holes  that  allowed  a  slow 
evaporation  of  the  cyclopentanone. 

After  complete  evaporation  of  the  cyclopentanone,  a 
13  mm  diameter  disc  was  cut  front  the  polymer  membrane. 
It  was  soaked  in  Fil  or  Filmide-based  electrolyte  for  48  h.  In 
order  to  ensure  a  complete  exchange  of  the  PC  by  electro¬ 
lyte,  at  least  three  fresh  portions  of  electrolyte  were  used  for 
each  soaking.  Fil  and  Filmide-based  electrolytes  were 
stored  in  a  glove  box  with  Fi  chips.  The  porosity  of 
membranes  was  estimated  by  comparing  the  mass  of  dry 
and  soaked  in  different  solvents  films.  Four  types  of  liquid 
electrolytes  based  on  solvents,  such  as:  diglyme  (DG), 
tetraglyme  (TG),  polyethylene  glycol  dimethyl  ether 
(PEGDME,  Mw  500)  and  a  1:1  (v/v)  mixture  of  ethylene 
carbonate  (EC)  and  dimethyl  carbonate  (DMC)  were  inves¬ 
tigated.  The  compositions  of  GPEs  and  HPEs  are  presented 
in  Table  1.  In  order  to  prevent  polymerization  of  TG  and 
PEGDME-based  electrolytes  the  triethyl  or  tributyl  amine 
inhibitor  (1000  ppm)  was  added. 

When  the  polymer  disc  was  removed  from  the  electrolyte 
solution,  the  surface  was  dried  by  light  pressure  on  a 
laboratory  wipe.  The  GPE  or  HPE  discs  were  sandwiched 


between  two  lithium  electrodes  for  conductivity  and  /?SEI 
measurements.  All  electrochemical  tests  were  performed  in 
hermetically  sealed  1  cm2  electrode  area  2324  coin  cells.  For 
comparative  studies,  Celgard  2400  and  Tefzel  separators 
were  used  as  matrices  for  hybrid  polymer  electrolytes. 

Composite  cathodes  were  prepared  by  the  addition  of 
88.5%  (w/w)  pyrite  to  a  mixture  of  4.0%  (w/w)  PVDF  (or 
Teflon)  and  7.5%  (w/w)  Si02  in  cyclopentanone.  The 
blended  paste  was  poured  onto  the  graph-foil  current  col¬ 
lector  and  spread  uniformly  using  the  doctor-blade  techni¬ 
que.  Composite  cathodes  were  dried  in  vacuum  at  70  °C  for 
8  h.  The  area  of  the  electrode  was  1  cm2. 

The  AC  measurements  were  performed  over  a  frequency 
range  of  1  MHz  to  5  Hz  at  an  AC  amplitude  of  10  mV  with  a 
Solartron  1255-frequency  response  analyzer  controlled  by  a 
586  PC.  The  errors  in  the  calculation  of  bulk  and  lithium 
interfacial  resistance  (/?Sei)  were  estimated  to  be  about  10% 
at  near  ambient  temperatures  and  5%  at  70  °C.  Typically 
four  identical  cells  were  tested.  Cell-cycling  tests  were 
carried  out  on  a  16  bit  Maccor  2000  battery  tester  at 
50  pA/cm2  over  the  voltage  range  of  2. 3- 1.1  V. 

A  JEOF  SEM  was  used  for  the  study  of  surface  topology. 

The  samples  for  DSC  measurements  were  prepared  in  a 
VAC  glove  box.  Accurately  weighted  samples  were  herme¬ 
tically  sealed  in  high-pressure  gold-coated  stainless  steel 
DSC  pans.  Such  pans  are  completely  inert  to  our  system.  We 
ran  DSC  test  between  metallic  lithium  and  the  pan.  No 
reaction  took  place  until  180  °C  where  a  clear  endotherm  of 
Fi  melting  is  observed.  The  experimental  value  of  the 
enthalpy  of  lithium  fusion  is  equal  to  the  theoretical  one. 
DSC  measurements  were  taken  with  TA  Instruments  module 
2920  at  a  ramp  rate  of  10  °C/min. 


Table  1 

Composition  and  conductivity  data  of  GPEs  and  HPEs 


Type  of  membrane 

Composition  of 
liquid  electrolyte 

a  (x  10“4  at  RT, 
S/cm) 

o  (x  10 '4  at  70  °C, 
S/cm) 

1 

PVDF-SiCL;  50%  porosity 

TG:  1  M  Lilmide:  10%  (v/v)  EC 

9.0 

33.0 

2 

PVDF-Si02;  75%  porosity 

TG:1  M  Lilmide:  10%  (v/v)  EC 

13.2 

39.6 

3 

PVDF-A1203;  75%  porosity 

TG:  1  M  Lilmide:  10%  (v/v)  EC 

13.6 

42.9 

4 

Tefzel 

TG:1  M  Lilmide:  10%  (v/v)  EC 

1.3 

10.0 

5 

Celgard 

DG:1.25  M  Lilmide:  10%  (v/v)  EC 

1.3 

- 

6 

PVDF-Si02;  50%  porosity 

TG:1  M  Lil:  10%  (v/v)  EC 

6.8 

41.1 

7 

PVDF-Si02;  75%  porosity 

TG:  1  M  Lil:  10%  (v/v)  EC 

4.1 

35.2 

8 

PVDF-A1203;  75%  porosity 

PEGDME:  1  M  Lilmide:  1%  (v/v)  EC 

2.8 

6.3 

9 

PVDF-A1203;  75%  porosity 

PEGDME:  1  M  Lil:l%  (v/v)  EC 

1.7 

4.4 

10 

PVDF-A1203;  75%  porosity 

PEGDME:  1.5  M  Lil:  1  %  (v/v)  EC 

1.8 

7.0 

11 

PVDF-A1203;  75%  porosity 

PEGDME:2  M  Lil:l%  (v/v)  EC 

2.6 

7.7 

12 

Celgard 

PEGDME:  1  M  Lil:l%  (v/v)  EC 

0.5 

1.0 

13 

Celgard 

PEGDME:  1.5  M  Lil:  1  %  (v/v)  EC 

0.6 

- 

14 

Celgard 

PEGDME:2  M  Lil:l%  (v/v)  EC 

0.7 

- 

15 

PVDF-Si02;  50%  porosity 

DMC: EC  ( 1 : 1):  1  M  Lilmide 

18.8 

- 

16 

PVDF-Si02;  50%  porosity 

DMC: EC  (9: 1):  1  M  Lilmide 

20.0 

- 

17 

PAN 

DMC:EC  (1:1):  1  M  LiPF6 

48.0 

- 
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3.  Results  and  discussion 

3.1.  SEM  and  DSC  characterization 

The  membranes  for  HPEs  were  transparent  or  slightly 
translucent  with  a  smooth  surface.  As  can  be  seen  from  the 
SEM  micrographs  (Fig.  1)  even  at  high  magnification 
(20,000  x)  the  topography  of  PVDF-Si02  membranes  is 
very  homogeneous  with  no  cracks.  The  surface  presents  a 
multitude  of  compacted  PVDF  grains  (possibly  spherulites). 
In  the  membrane  with  75%  porosity  the  grains  are  less 
compacted  and  connected  by  polymer  filaments  liberating 
more  space  for  pores.  In  fact,  a  picture  of  the  bulk  cross- 
section  morphology  of  this  membrane  (Fig.  lc)  exhibits  a 
completely  porous  structure  evocative  of  a  sponge.  The 
membrane  with  50%  porosity  shows  more  compact  bulk 
morphology  (Fig.  Id).  The  alumina-containing  membrane  is 
built  from  several  micron-size  closely  packed  aggregates 
(Fig.  2).  In  the  cross-section  view  of  the  membrane,  cavities 
can  be  distinguished  (Fig.  2c).  Tefzel  has  a  porous  rubber¬ 
like  structure  (Fig.  2d-f) 

The  sample  with  alumina  (75%  porosity)  has  good 
mechanical  strength  (10  MPa)  and  extremely  high  ductility. 
The  less  porous  Si02-based  membrane  has  better  mechan¬ 
ical  properties  (14  Mpa),  but  the  elongation  of  this  mem¬ 
brane  did  not  exceed  15%.  Both  membranes  were  easily 


worked.  The  samples  of  all  the  membranes  were  found  to 
enable  the  high  electrolyte  uptake  (up  to  130-150%).  DMC- 
EC  and  PEG  based  FIPEs  are  free-standing  easy  worked 
films  with  similar  mechanical  properties. 

Figs.  3  and  4  represent  DSC  thermograms  of  the  TG- 
based  liquid  and  FIPEs  with  Lil  and  Lilmide  salts.  As  the 
temperature  is  lowered  the  Lil-TG  electrolytes  and  the 
related  PIPE  undergo  crystallization  in  the  vicinity  of 
—40  °C  (Fig.  3),  while  Lilmide-TG  do  not  (Fig.  4),  the 
latter  being  a  glass-forming  liquid.  The  strong  peak  at 
—40  °C  (Fig.  3)  is  attributed  to  the  melting  of  Lil-TG 
complex.  It  is  supposed  that  lithium  can  form  several  com¬ 
plexes  with  TG  differing  by  coordination  number.  Two  close 
endothermic  peaks  at  about  RT  may  be  associated  with 
melting  of  Li-EC  complex  and  partial  decomposition  of 
Li-TG  complex,  induced  by  polymer  membrane.  A  weak 
transition  observed  at  60  °C  is  possibly  related  to  the  melting 
of  some  polymerized  (CH2-CH2-0)  chains  with  n  >  4.  As 
is  clear  from  the  figures,  DSC  thermograms  of  both  liquid 
and  the  corresponding  HPEs  are  essentially  identical.  How¬ 
ever,  the  ratio  between  enthalpy  values  of  the  endothermic 
events  and  their  kinetics,  differ  substantially  for  liquid  and 
HPEs.  For  instance,  in  the  Lil-TG  liquid  electrolyte  (Fig.  3, 
curve  1)  the  enthalpy  of  the  peak  —40  °C  (53.2  J/g)  is  more 
than  one  order  of  magnitude  larger  than  the  sum  of  enthal¬ 
pies  of  the  other  two  peaks  (1.6  J/g),  and  more  than  two 


Fig.  1.  SEM  micrographs  of  PVDF-Si02  membranes:  (a)  and  (b)  surface  morphology;  (c)  and  (d)  cross  section  view  of  75  and  50%  (v/v)  porous  films, 
respectively. 
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orders  of  magnitude  larger  than  that  of  the  endotherm  peak 
(0.3  J/g),  at  60  °C.  In  the  corresponding  HPEs  there  is  the 
overlapping  of  the  two  endotherms  peaks.  A  clear  shift  of  the 
peak  toward  lower  temperature  is  observed,  the  difference 
between  enthalpies  of  the  observed  phase  transitions  dec¬ 
reases  and  they  become  energy-comparable.  Similar  phe¬ 
nomena  are  observed  for  the  Lilmide-TG  HPEs  (Fig.  4). 
Here  also,  the  gap  between  enthalpies  of  the  endothermic 
transitions  is  significantly  lower  in  the  HPE.  In  addition,  the 
endotherm  peak  in  the  HPE  shifts  toward  lower  temperature 
by  12  °C  as  compared  to  that  in  the  liquid  electrolyte.  Since 
crystallization  and  melting  of  the  liquid  would  be  sensitive 
to  the  environment,  this  behavior,  as  expected,  may  indicate 
some  kind  of  interaction  between  the  polymer  matrix  and  the 
electrolyte. 


3.2.  Conductivity  measurements 

The  conductivity  data  of  the  GPEs  and  HPEs  under 
investigation  are  collected  in  Table  1.  The  highest  values 
of  ionic  conductivity  at  RT  (2-4  mS/cm)  were  measured  for 
EC:DMC  HPEs  and  PAN-based  GPE. 

PVDF  is  an  “electrolyte  starved  membrane”  for  which 
the  magnitude  of  the  conductivity  is  dependent  upon  poly¬ 
mer  porosity.  As  can  be  seen  front  the  data  presented  in 
Table  1 ,  as  the  volume  fraction  of  PVDF  in  starting  mixture 
increases  (porosity  decreases)  the  conductivity  becomes 
lower  both  at  RT  and  at  70  °C.  Alumina-  and  silica-containing 
HPEs  show  similar  conductivity  values.  However,  the  con¬ 
ductivity  of  Tefzel-  and  Celgard-based  HPEs  with  Lilmide- 
TG  liquid  electrolyte  is  about  one  order  of  magnitude 
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Fig.  3.  DSC  thermograms  of  liquid  1  M  Lil.  TG,  EC  (1%  (v/v))  electrolyte  (1)  and  corresponding  HPE  (2)  and  (3)  with  50  and  75%  porous  PVDF-silica 
membranes. 


lower  at  RT  and  4  times  lower  at  70  °C.  This  is  mostly  due  to 
the  poor  wetting  properties  of  these  membranes.  Lilmide-TG 
and  Lilmide-PEGDME  liquid  electrolytes  trapped  in  PVDF- 
silica  matrix  are  generally  more  conductive  than  those  con¬ 
taining  lithium  iodide  salt.  This  is  in  agreement  with  the 
formation  of  less  crystalline  complexes  as  found  by  DSC. 


At  70  °C  the  conductivity  of  hybrid  TG-based  electrolytes 
with  both  Lil  and  Lilmide  salts  is  almost  one  order  of 
magnitude  higher  than  that  of  “dry”  solid  PEO-based 
polymer  electrolytes. 

PEGDME-based  HPEs  showed  conductivity  values 
lower  by  a  factor  of  five-seven  as  compared  to  those  of 


Fig.  4.  DSC  thermograms  of  liquid  1  M  Lilmide,  TG,  EC  (1%  (v/v))  electrolyte  (1)  and  corresponding  F1PE  (2).  Membrane  composition  (75%  porosity):  15% 
(v/v)  PVDF  and  10%  (v/v)  fumed  silica. 
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time,  hours 

Fig.  5.  Effect  of  time  of  storage  on  the  bulk  resistance  of  HPEs  at  70  °C:  (1)  Lil-based  electrolyte  with  75%  porous  PVDF-Si02  membrane;  (2)  Lilmide- 
based  electrolyte  with  75%  porous  PVDF-A1203  membrane;  (3)  Lilmide-based  electrolyte  with  50%  porous  PVDF-SiCF  membrane;  (4)  Lil-based 
electrolyte  with  50%  porous  PVDF-SiCL  membrane;  (5)  Lilmide-based  electrolyte  with  75%  porous  PVDF-Si02  membrane.  Liquid  electrolyte  composition: 
TG,  1  M  Lilmide  or  Lil,  10%  (v/v)  EC,  1000  ppm  tetrabutyl  amine. 

TG-based  HPEs.  This  may  be  caused  by  the  higher  Increasing  the  lithium  iodide  concentration  from  1  to  2  M 

viscosity  of  the  former  solvent  and  hampered  segmental  results  in  an  increase  in  RT  conductivity  of  the  PVDF-Si02 

motion  of  the  long-chain  PEGDME  inside  the  pores  of  HPEs  by  a  factor  of  1.5.  The  effect  of  salt  concentration 

membrane.  on  the  ionic  conductivity  is  more  pronounced  at  elevated 


0  500  1000  1500  2000  2500  3000  3500 

time,  hours 


Fig.  6.  Effect  of  time  of  storage  on  the  SEI  in  Li/HPEs/Li  cells  at  70  °C.  HPE  composition:  (1)  1  M  Lil,  TG,  10%  (v/v)  EC,  75%  porous  PVDF-SiO, 
membrane;  (2)  1  M  Lilmide,  TG,  10%  (v/v)  EC,  75%  porous  PVDF-Si02  membrane;  (3)  1  M  Lilmide,  TG,  10%  (v/v)  EC,  Tefzel  membrane.  All  HPEs 
contain  1000  ppm  tetrabutyl  amine. 
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temperatures.  It  seems  likely  that  in  the  HPEs  the  PVDF- 
polymer  matrix  does  not  behave  like  a  quasi-inert  cage  for 
the  solution,  although  the  specific  nature  and  the  level  of  the 
ion-polymer  interaction  remain  unknown  yet. 

A  property  of  polymer  electrolytes  of  importance  equal 
to  that  of  high  absolute  value  of  ionic  conductivity  is  the 
stability  of  bulk  resistance  {Rb).  The  effect  of  storage  time  on 
the  change  of  the  Rb  at  70  °C  (Fig.  5)  shows  that  the  bulk 
resistance  of  the  HPEs  with  both  Eil  and  Eilmide-TG 
electrolytes  remains  almost  constant  (3-10  Q  cm2)  for  more 
than  1000  h.  This  indicates  good  physical  integrity  of  the 
membranes  and  liquid  electrolytes,  which  do  not  experience 
evaporation  and  extensive  polymerization  of  solvents. 

3.3.  Li/HPE  and  Li/GPE  interfacial  properties 

Compatability  of  the  electrolyte  with  anode  and  cathode 
materials  and  the  stability  of  the  anode/electrolyte  and 
cathode/electrolyte  interfaces  are  essential  for  the  success 
of  an  advanced  battery.  The  impedance  of  the  SEI  (Rs Ei) 
formed  on  lithium  largely  determines  the  total  impedance  of 
the  battery,  thus  affecting  cell  behavior  in  terms  of  cycle- 
ability,  rate  and  safety  [16,17].  The  evolution  of  the  SEI 
impedance  at  the  Li/electrolyte  interface  as  a  function  of  the 
storage  time  is  shown  in  Fig.  6.  Lil-TG-based  HPEs  form 
SEIs  that  are  highly  stable  for  more  than  3000  h.  The  three¬ 
fold  increase  in  the  RSei  of  Lilnride  HPEs  after  300  h  of 
storage  and  about  an  order  of  magnitude  increase  after 
2000  h,  provides  evidence  of  the  thickening  with  time  of 
the  passivation  layer  on  lithium.  The  effect  of  salt  on  the 
stability  of  the  SEI  was  similar  in  the  PVDF-Si02  and 
PVDF-A1203  HPEs  of  different  porosity.  Low  and  almost 
constant  resistance  of  the  SEI  in  lithium  iodide-containing 


electrolytes  may  be  associated  with  high  thermodynamic 
stability  of  the  iodide  anion  towards  metallic  lithium. 

In  HPEs  with  Tefzel  membranes  even  the  initial  RSEI 
value  was  twice  that  in  HPEs  with  PVDF  membrane,  and 
the  RSEi  increased  sharply  (up  to  80  Q  cm2)  after  300  h  of 
storage  (Fig.  6).  These  data  support  previous  observations 
that  nano-size  ceramic  fillers  incorporated  in  polymer  mem¬ 
brane  decrease  and  stabilize  interfacial  resistance  in  hybrid 
as  well  as  in  composite  solid  polymer  electrolytes  [18,19]; 
this  is  due  to  their  ability  to  adsorb  impurities  and  traces  of 
water.  In  addition,  inorganic  fillers  may  prevent  free  diffu¬ 
sion  of  the  liquid  electrolyte  components  to  the  lithium 
surface  and,  as  a  result,  inhibit  the  growth  of  the  SEI.  It 
is  worth  noting  that  the  resistance  of  the  lithium  passive  film 
in  alumina-containing  HPEs  is  twice  that  in  the  silica-based 
HPEs.  The  same  RSei  difference  was  detected  between 
AEO3-  and  Si02  high-porous  and  less  porous  HPEs.  At 
RT,  the  initial  RSei  in  the  Lil-TG-  and  Lil-PEGDME-based 
HPEs  was  about  200  Q  cm2,  while  in  Lilnride  it  was 
280  Q  cnr2.  After  200  h  of  storage  the  Rs ei  increased  by 
about  10%  in  the  former  electrolyte  and  by  about  25%  in 
the  latter. 

The  initial  interfacial  resistance  of  EC:DMC-PAN-based 
GPEs  at  RT  was  about  the  same  order  of  magnitude  as  in  TG- 
,  PEGDME-  and  EC:DMC-based  HPEs.  The  RSEI  stability, 
however,  was  much  lower  than  that  of  the  HPEs  and  the  RSEI 
increased  up  to  1.5  kQ  after  900  h  of  storage  [9].  Thus, 
doubts  are  raised  as  to  the  inert  nature  of  the  PAN  matrix 
with  respect  to  Li  passivation.  The  reactivity  of  PAN  may 
stem  from  impurities  in  the  commercial  product  and  reac¬ 
tivity  of  the  -CN  group  possibly  leading  to  the  formation 
of  LiCN.  Dissolution  of  LiCN  could  be  followed  by  the 
breaking  of  and  thickening  the  SEI.  Contrary  to  EC:DMC 


Fig.  7.  First  discharge  of  the  Li/HPE/pyrite  cells  at  RT  (3)  and  at  70  °C  (1  and  2).  (1)  1  M  Lilmide,  PEGDME,  EC  (1%  (v/v)),  Celgard;  (2)  1  M  Lil, 
PEGDME,  EC  (1%  (v/v)),  75%  porous  PVDF-A1203  membrane;  (3)  1  M  Lilmide,  DMC:EC  (1:1),  75%  porous  PVDF-Si02  membrane  /d  =  0.05  mA/cm2. 
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solvents,  lithium  oxide,  carbonate,  fluoride  compounds  and 
alkoxides,  which  are  the  basic  compounds  found  in  the 
anode  SEI,  are  highly  insoluble  in  TG  and  PEGDME 
solvents  similar  to  solid  PEO  [17].  This  property,  as 
expected,  increases  the  stability  of  the  lithium  passivation 
layer  by  producing  a  thinner  and  more  compact  him. 

3.4.  Li/HPE  and  GPE/pyrite  batteries 

Li/pyrite  batteries  with  GPEs  and  ffPEs  were  tested  in  this 
work.  The  first  discharge  of  lithium/HPE/FeS2  cells  (Fig.  7, 
curve  3)  at  RT  showed  a  single  plateau  at  1.5  V.  The  specific 
capacity  of  the  first  discharge  of  the  cells  at  RT  varied  from 
650  to  1000  mAh/g  depending  on  the  electrolyte  composi¬ 
tion.  At  70  °C  two  well  defined  plateaus  at  1 .7  and  1.5  V  were 
observed  on  first  discharge  (Fig.  7,  curves  1  and  2).  This 
indicates  that,  as  with  non-aqueous  and  polymer  electrolytes, 
the  reduction  of  FeS2  proceeds  as  a  multi-stage  process,  first 
to  FeS  or  Li2FeS2  and  finally  to  metallic  iron  [20-24].  The 
single  plateau  seen  for  the  RT  cells  suggests  that  the  two  steps 
in  the  pyrite  reduction  proceed  simultaneously. 

Addition  of  EC  to  the  Lilmide-PEGDME  HPE  was 
followed  by  an  increase  of  about  10%  in  the  first  discharge 
capacity.  The  first-discharge  utilization  of  cathode-active 
material  did  not  change  on  substitution  of  Lilmide  by  Lil. 

Contrary  to  what  might  be  expected  from  the  non-rever- 
sible  behavior  of  pyrite  in  non-aqueous  electrolytes,  such  as: 
dioxolane,  tetrahydrofuran,  propylene  carbonate  (PC)  and 
1:2  dime thoxy ethane  in  non-aqueous  solvents  [20-23]  we 
have  found  that  Li/hybrid  or  GPE/pyrite  cells  are  recharge¬ 
able  even  at  RT  (Fig.  8).  Reversible  specific  capacity  for  the 
second  cycle  was  about  250  to  600  mAh/g;  the  upper  value 
of  capacity  is  similar  to  that  of  solid  electrolyte  batteries  at 
135  °C. 

All  the  subsequent  discharge  curves  differ  from  the  first 
one  indicating  a  change  in  the  initial  mechanism  of  pyrite 
reduction.  Analysis  of  the  AQ/dV  curves  (Fig.  9)  showed  that 
charge-discharge  processes  in  the  Li/FeS2  battery  with 


Fig.  8.  Voltage  profiles  of  discharge-charge  process  of  Li/HPE  or  GPE/ 
FeS2  battery  at  RT.  Id  =  0.05  mA/cm2,  Icb  =  0.05  mA/cm2.  (1)  HPE,  1  M 
Lilmide,  DMC:EC  (1:1),  75%  porous  PVDF-Si02  membrane;  (2)  GPE, 
LiC104  EC56  5:DMC23PAN16. 

HPEs  at  RT  and  at  70  °C  are  similar.  Substitution  of  the 
Lilmide  by  Lil,  PEG  by  TG  and  the  PVDF-based  membrane 
by  Celgard  in  HPEs  did  not  substantially  affect  the  main 
reversible  phases  formed  on  the  second  charge-discharge 
cycle  of  pyrite.  Two  types  of  pyrite-based  cathodes  with 
PVDF  and  Teflon  binders  were  tested  in  Lilmide-PEG 


Fig.  9.  The  dQtdV  curves  of  Li/HPE/FeS2  cell  at  RT  and  70  °C  (second  cycle).  Electrolytes  composition:  1  M  Lilmide,  PEGDME500,  EC  (1%  (v/v)),  at  70  °C 
1  M  Lilmide,  DMC:EC  (1:1),  at  RT  75%  porous  PVDF-Si02  membrane,  /d  =  0.05  mA/cm2,  7ch  =  0.05  mA/cm2. 
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Fig.  10.  The  dg/dF  curves  of  Li/HPE/FeS2  cell  (normalized  capacity)  at  70  °C.  Electrolyte  composition:  1  M  Lilmide,  PEGDME500,  EC  (1%  (v/v)),  60% 
porous  PVDF-Si02  membrane.  Teflon-bonded  cathode  la  =  0.05  mA/cm2,  /Ch  =  0.05  mA/cm2. 


HPEs.  As  can  be  seen  from  Fig.  10,  long-term  cycling  of  the 
Li/HPE/pyrite  cell  with  Teflon-based  cathode  results  in 
broadening  and  overlapping  of  the  charging  dg/dV  peaks, 
and  about  a  30  mV  increase  in  the  discharge  overpotential. 

On  the  basis  of  the  experimental  data,  the  charge  process, 
which  is  reversible  from  the  second  cycle  on,  can  be 
schematically  described  by  reactions  (1)  and  (2),  which 
were  also  ascribed  to  the  Li/solid  CPE/pyrite  cell  [24-27]: 

Fe  +  2LES  —  2e  — >  Li2FeS2  +  2Li+  (1) 

Li2FeS2  —  Xhi+  —  Xe  — >  Li2_;rFeS2  (0.5  <  X  <  0.8) 

(2) 

Broadening  of  the  charging  AQIAV  peaks  and  increase  in  the 
relative  capacity  of  the  shoulder  at  1 .7  V,  which  has  no 
corresponding  cathodic  peak,  (Fig.  10)  may  be  associated 
with  slow  mass  transport  of  iron(II)  cations  through  the 
Fi2FeS2  phase  [27] .  On  the  other  hand,  the  formation  of  an 
FeS  intermediate  followed  by  a  slow  reaction  (3)  cannot  be 
ruled  out. 

FeS  +  Fi2S  — >  Fi2FeS2  (3) 

Over  20  cycles  with  degradation  rate  of  2.1%  per  cycle  were 
obtained  for  the  RT  Fi/TG-based  HPE/FeS2  cells  (Fig.  11). 
The  capacity  loss  was  attributed  to  the  partial  loss  of 
electrical  contact  in  between  cathode-active  material  parti¬ 
cles  and  between  the  graph-foil  current  collector.  This  is  due 
to  the  partial  dissolution  in  the  TG-solvent  at  RT  of  the 
PVDF  binder  used  in  the  composite  cathode.  Similar  phe¬ 
nomenon  was  found  in  PEG  at  70  °C. 

In  Fi/EC:DMC  PAN/Teflon-bonded  composite-pyrite 
cathode  cells,  operating  at  RT,  the  capacity  loss  was 
2.6%  per  cycle.  The  Faradaic  efficiency  was  about  95%. 
It  seems  likely  that  in  this  case  high  and  unstable  interfacial 
resistance  may  cause  the  high  degradation  rate  observed. 
This  makes  passive-layer  formation  at  the  Li/PE  interface 


the  dominating  factor  in  the  recharging  ability  of  cells.  For 
the  Li/HPE/pyrite  cells  operating  at  70  °C  over  130  cycles 
with  capacity  loss  of  0.1%  per  cycle  and  estimated  reversible 
capacity  of  300-400  mAh/g  were  achieved  (Fig.  12). 

3.5.  Safety  tests 

Although  the  replacement  of  liquid  electrolyte  by  GPEs 
and  HPEs  should  improve  the  safety  of  lithium  batteries  some 
concerns  remain.  Cells  deliberately  heated  to  high  tempera¬ 
tures  can  eventually  undergo  thermal  runaway  reactions  and 
become  a  safety  hazard.  DSC  tests  were  used  in  the  study  of 
the  reactivity  of  battery  materials.  In  Fig.  13  are  shown  the 
DSC  thermograms  of  a  composite  cathode,  Lil-TG-PVDF- 
Si02-HPE,  and  the  HPE  with  metallic  lithium.  As  can  be  seen 
from  DSC  (curves  1  and  2),  no  thermal  events  occur  until 
200  °C.  With  solvents  in  contact  with  lithium  (curve  3)  the 
enthalpy  of  this  exotherm  increases,  as  a  result  of  a  possible 
interaction  of  the  molten  lithium  (see  endothermic  peak  at 
180  °C)  and  vapors.  It  should  be  mentioned,  however,  that 
until  275  °C  no  thermal  runaway  is  observed,  indicating 
stability  and  safety  of  the  system  under  operating  conditions. 


Cycle  number 

Fig.  11.  Cycle  life  of  Li/HPE/FeS2  cell  at  RT.  Electrolyte  composition: 
1  M  Lilmide,  DMC:EC  (1:1),  75%  porous  PVDF-Si02  membrane,  PVDF- 
bonded  cathode,  /d  =  0.05  mA/cm2,  /L.b  =  0.05  mA/cm2. 
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Fig.  12.  Cycle  life  of  Li/HPE/FeS2  cell  at  70  °C.  Electrolyte  composition:  1  M  Lilmide,  PEGDME500,  EC  (1%  (v/v)),  60%  porous  PVDF-Si02  membrane, 
Teflon-bonded  composite  cathode,  /j  =  0.05  mA/cm2,  7ch  =  0.05  mA/cm2 


Temperature 

Fig.  13.  DSC  runs  of:  (1)  composite  pyrite-based  cathode;  (2)  HPE  (1  M  Lil,  TG,  EC  (1%  (v/v))  75%  porous  PVDF-Si02  membrane;  (3)  HPE  in  contact 
with  metallic  lithium. 


4.  Summary 

Different  types  of  HPEs  and  GPEs  based  on  polymers  and 
organic  solvents  combined  with  organic  or  inorganic  gela¬ 
tion  agents  for  the  Li/pyrite  battery  were  studied.  The 
morphology  of  membranes  used  in  hybrid  polymer  electro¬ 


lytes  depends  on  porosity  and  inorganic  filler.  DSC  tests 
indicate  possible  interaction  of  the  polymer  host  and  liquid 
electrolyte. 

Ionic  conductivities  of  1  x  10“4  to  4  x  10-3  S/cm  at 
RT  and  at  70  °C  were  achieved  in  GPEs  and  HPEs,  almost 
one  order  of  magnitude  higher  than  that  of  solid  polymer 
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electrolytes.  In  Li/HPE/FeS2  battery  at  70  °C  the  Rsm  of  6- 
10  Q  cm2  was  stable  for  more  than  3000  h. 

The  analysis  of  AQ/AV  curves  showed  that  charge-dis¬ 
charge  process  in  the  Li/gel  or  HPE/FeS2  battery  is  similar  to 
that  of  the  Li/LiI-PEO2012%Al2O3/pyrite  battery.  Reversi¬ 
ble  specific  capacity  for  the  second  cycle  was  about  250  to 
600  mAh/g;  the  maximal  capacity  similar  to  that  of  solid 
electrolyte  batteries  at  135  °C.  Over  20  cycles  with  a  degra¬ 
dation  rate  of  2. 1-2.6%  per  cycle  were  obtained  for  the  RT 
cells  and  over  130  cycles  with  a  capacity  loss  of  0.1%  per 
cycle  for  the  cells  at  70  °C.  The  stability  and  safety  of  the 
Li/HPE/FeS2  battery  up  to  275  °C  was  demonstrated. 
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